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We present an ab initio theoretical study of the electronic, linear and nonlinear optical properties of CdSe
using a pseudopotential plane-wave method. Since local density approximation (LDA) underestimates its
band gap, we used the GWapproximation method to calculate its quasiparticle band structure and obtain
a band gap 1.67 eV in agreement with experimental value. The GW corrected gap was used as scissor
shift to calculate the linear and nonlinear optical properties. Our calculations show that the optical
absorption edge is located around 1.7 eV. The intraband and interband contributions to the imaginary
part of second-order nonlinear optical susceptibility cð2Þ333ð2u; u; uÞ are presented over a broad energy
range. The calculated result for
cð2Þ333ð0Þ
 (at zero frequency limitation) is 74 pm/V, which is close to the
experimental value 72 pm/V.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
A great deal of interest has been focused on the II-VI semi-
conductor compounds such as crystalline CdSe. This interest arises
from its potential for many important applications, such as X- and
g-ray detectors, light-ampliﬁers and laser, as well as nonlinear
optical devices [1,2]. At normal pressure, it crystallizes in hexagonal
close packed wurtzite structure, which belongs to space group
P63mc. Some experiments were performed to explore its growth
technology and characterize its performance [3,4]. There have been
several experimental studies of dielectric function [5-7], phonon
spectrum [8] and photoelectron spectroscopy [9] of this material, as
well as pressure-induced structural phase transitions [10,11]. The
ﬁrst principles were also used to investigate the electrical, struc-
tural and elastic properties of wurtzite-type CdSe under pressure
[12-15]. Moreover, to overcome the well-known shortcomings of
the local density approximation (LDA) or generalized gradient ap-
proximations (GGA), especially for the CdSe compound with open-
shell 4d valence electrons, D. Vogel et al. [16] calculated the band
structures of hexagonal CdSe using self-interaction corrected
pseudopotentials. However, little theoretical research has been
centered on its linear and nonlinear optical response properties.B.V. This is an open access article uThus, it would be meaningful to have a comprehensive analysis of
the linear and nonlinear optical properties of hexagonal CdSe from
ﬁrst principles. Since ﬁrst principle calculations have been suc-
cessfully used to obtain different properties of bulk semi-
conductors, such as structural, electronic, linear and nonlinear
optical properties [17-22], we presented the ﬁrst-principles calcu-
lation of linear and nonlinear optical properties of hexagonal CdSe
using density functional theory (DFT) within the random-phase
approximation (RPA) [19] in this work. The GW approximation
[23] was used to correct the band gap calculated by generalized
gradient approximation (GGA). Then the corrected gap was used as
scissor shift to calculate the linear and nonlinear optical properties.
This paper is organized in the following way. In Section 2, we give
details of our calculations. The electronic ground state properties,
optical properties are presented and discussed in Section 3. In
Section 4, we summarize our conclusions.2. Computational details
In this work, calculations were carried out by means of ABINIT
code [24]. The ground-state properties were calculated using
density functional theory (DFT) method for providing input ﬁles for
the subsequent excited state computations. The exchange-
correlation energy of electrons was evaluated in the generalized
gradient approximations (GGA) within the Perdew-Burke-
Ernzerhof scheme [25]. An effective ionic potential wasnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Crystal structure of hexagonal CdSe. Yellow and off-white spheres represent Se
and Cd atoms, respectively.
Table 1
Crystal structure data and band gap of hexagonal CdSe compared with both
experimental and theoretical data.
Exp. Theo. This work
Lattice parameters a ¼ b ¼ 4.299 Åe a ¼ b ¼ 4.200 Åd a ¼ b ¼ 4.347 Å
c ¼ 7.011 Åe c ¼ 6.804 Åd c ¼ 7.029 Å
a ¼ b ¼ 4.29 Åc
c ¼ 7.02 Åc
Band gap Eg 1.7 eVa 0.51 (LDA)c 0.63 (GGA)
1.74 eVb 1.27 (SIC)c 1.67 (GW)
1.8 eVc
a Ref. [4].
b Ref. [33].
c Ref. [16].
d Ref. [13].
e Ref. [32].
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dopotentials (NCPPs) [26] and the valence electrons included 4s-
and 4p-electrons of Se and 4d- and 5s-electrons of Cd. The elec-
tronic wave functions were expanded in terms of a discrete plane-
wave basis set with an energy cutoff of ecut ¼ 44Ha. Integration
over the Brillouin zone was performed using the Monkhorst and
Pack grids [27] with a regular 7  7  4 mesh. The convergence
studies with respect to both ecut and k-points showed that the total
energy was converged within 0.0001Ha in these set of both k-
points and ecut. To reach equilibrium energy and relative equilib-
rium volume of CdSe, the Broyden Fletcher Goldfarb Shanno (BFGS)
algorithm [28] was used to minimize the total energy and internal
forces. After geometry optimizations, the relaxed structures were
chosen as input parameters for the following computations.
We ﬁrst obtained the band structure of CdSe using DFT within
the GGA. The result showed that it had a direct band gap with the
calculated value of 0.63 eV. As we know, the DFT with the
exchange-correlation energy of LDA or GGA could not give the
quasi-particle energies correctly and failed to describe optical
response [29]. In order to take into account the self-energy effects
correctly, we employed a rigorous formulation of the quasiparticle
properties in the context of the one-particle Green's function
approach [30]. The eigenvalue and eigenfunction of a quasiparticle
in a crystal are described Dyson equation
bH0 r.4i r.þ
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where bH0ð r.Þ includes the kinetic-energy operator and Hartree
potential of the electrons, as well as external potential from ions.
The nonlocal and frequency-dependent function Sð r.; r.
0
;uiÞ is the
non-Hermitian self-energy operator, which contains all many-body
exchange-correlation effects. It can be obtained by solving Hedin
equation with one-shot GW or G0W0 method [31]. The G0 was
obtained from independent-particle propagator of the Kohn-Sham
(KS) Hamiltonian and the screened interaction W0 (screening ﬁle)
is approximatedwith the RPA calculatedwith KS energies andwave
functions. It is noted that the screened interaction is evaluated by
numerical integration model which require large CPU time but
could give the most accurate results. After getting ground state
density, calculationwas carried out to obtain KS eigenfunctions and
band structure (KSS ﬁle) which stored 240 bands. Speciﬁcally, the
convergence studies were performed respecting to the number of
plane waves in screening calculation and the number of bands in
screening in self-energy calculations, as well as the k-point mesh.
The results showed that the total energy was converged within
0.0001Ha with nband ¼ 200 and ecuteps ¼ 7 in screening calcu-
lation, nband ¼ 220 in self-energy calculation and a regular
14  14  8 mesh.
3. Result and discussion
3.1. Structural and electrical properties
The original cell of CdSewith hexagonal structure is displayed in
Fig. 1. It belongs to point group 6 mm and has four atoms in a
primitive cell. Instead of using exchange-correlation energy of local
density approximation (LDA), the semilocal density approximation,
generalized gradient approximations (GGA), was adopted for the
inhomogeneous semiconductor system. The structural optimiza-
tions were carried out by two steps: ﬁrst to optimize the ionic
positions without cell shape and size optimization, then start the
cell shape and size optimization from the cell with relaxed ionic
positions. Calculations were carried out using the lattice constant
a ¼ b ¼ 4.299 Å, c ¼ 7.011 Å [32] and the optimized results area ¼ b ¼ 4.347 Å, c ¼ 7.029 Å. The lattice parameters of CdSe ob-
tained from the structure optimization are presented in Table 1
along with other calculations and experimental data reported in
the literature. Our calculations estimate the equilibrium values
with the maximal error of only 1.1% with respect to experimental
values. It is largely sufﬁcient to allow the further study of electric,
optical properties for CdSe.
The band structure of CdSe along the lines of high symmetry
points in the Brillouin zone are showed in Fig. 2. Both valence band
maximum and conduction bandminimum are located at G point, so
CdSe has a direct band gap with the calculated value of 0.63 eV. The
result is severe underestimation compared with the experiment
value (1.74 and 1.8 eV) [16,33]. The band gaps of hexagonal CdSe
obtained from this work are presented in Table 1 along with other
calculations and experimental data reported in the literature. These
underestimations are due to the shortcomings of approximate
exchangeecorrelation function, such as self-interaction of the LDA
or GGA potential and the lack of a discontinuity in the exchange
potential. To obtained exact exchange potential, D. Vogel et al. [16]
have used self-interaction corrected (SIC) pseudopotentials method
and improved the band gap of hexagonal CdSe to 1.27 eV. In this
paper, wemodify the band structure of CdSe forG point with 18 and
19 bands using GW approximation. Our calculations show that GW
corrections widened the energy gaps. The calculated energy gap is
1.67 eV at G point. This is substantially larger than the GGA value of
0.63 eV and closer to the experimental value of 1.74 eV and 1.80 eV.
The gap due to the GW correction can be used as a scissor shift to
calculate the linear and nonlinear optical properties in next steps.
Fig. 2. Calculated band structure for hexagonal CdSe single crystal.
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In a nonlinear media, the second-order nonlinear optical phe-
nomena can be described by a Taylor series expansion of the po-
larization P
.ðtÞ at time t in terms of electrical ﬁeld E.ðtÞ:
P
.¼ ε0cð1Þij $ E
.þ ε0cð2Þijk : E
.
E
.þ/; (2)
where the second-rank tensor cð1Þij is linear dielectric susceptibility
related to the linear dielectric function εij and the third-rank tensor
c
ð2Þ
ijk is second-order nonlinear optical susceptibility related to
second-order nonlinear optical coefﬁcient dijk. These tensor com-
ponents are determined by the permutation of the Cartesian
components i, j, k. Since the CdSe crystal belongs to point group
6 mm, there are two independent component of linear dielectric
susceptibility, 11 and 33, and three independent component of
second-order nonlinear optical susceptibility, 333, 311 and 113,
respectively. The optical responses are inﬂuenced by electron state
transitions, electronehole interactions (excition effects), and
phonon effects. In fact, the electron state transitions are the biggest
contributor, especially in the intrinsic absorption region. They could
be described by random-phase approximation (RPA) within the
frame of DFT. The expressions in Eq. (46), Eq. (49) and Eq. (50) in
Ref. [19] give linear and second-order nonlinear susceptibility
within the RPA. Where, the position matrix elements rmn are
determined by response wavefunction which is computed by
density functional perturbation theory (DFPT) [18]. To get the op-
tical spectrum and make a realistic comparison with experiments,
both a large number of bands (90) and a dense sampling of k-points
(24  24  14) are set in this work. What is more, the band gap of
CdSe is scissor corrected by 1.04 eVwhich is the difference between
the GGA calculated value (0.63 eV) and GW corrected band gap
(1.67 eV).Fig. 3. The imaginary parts of optical dielectric function (a) E⊥c and (b) Ekc of hex-
agonal CdSe crystal. For comparison, the experimental data obtained at 210 K and
300 K are also shown by the dashed lines.3.2.1. Linear optical response
Linear optical properties of materials, refractive index and
extinction coefﬁcient, can be deduced from complex dielectric
function εðuÞ given by εðuÞ ¼ ε1 þ iε2. The imaginary part of the
dielectric function can be obtained from Random-phase approxi-
mation (RPA) and the real part of the spectrum is related by the
KramerseKronig relation to the imaginary part. According to Eq.
(46) in Ref. [19], for semiconductor only the interband transitions
contribute to the imaginary part of the dielectric. It is reasonable for
wide band-gap semiconductor CdSe to neglect the indirect intra-
band transitions which is connected to free carrier absorption
involving scattering of phonons. The calculated and experimental
imaginary parts of the frequency dependent linear dielectric
function of ε11 and ε33 are shown in Fig. 3(a) and (b) respectively.The calculated spectra are zero below 1.7 eV (the direct band gap)
and decrease beyond 7 eV. Several peaks in the spectra correspond
to electronic transitions from the valence band to the conduction
band. The comparing experimental results [6,7] are also presented
in Fig. 3(a) and (b). The dash line and dot line corresponding to
T¼300 K and T¼210 K respectively with the range from 0 to 5 eV. As
seen from Fig. 3, the calculated major peaks are located at 4.4 eV,
5 eV, and 7 eV in ε11 spectra and 4.6 eV and 6.9 eV in ε33 spectra
which are similar to the experimental ones. However, their mag-
nitudes have deviations from the experimental values. The peak of
4.4 eV in ε112 spectra is about 7 in our calculation, while the cor-
responding experimental value is about 7.5 at 4.2 eV. The peak of
4.7 eV in ε332 spectra is about 9.5 in our calculation, while the cor-
responding experimental value is about 10.6 at 4.6 eV. It is noted
that the density functional theory adopts Born-Oppenheimer
(adiabatic) approximation and independent particle approxima-
tion. Since the presences of excition effects are not included in this
theory, the different between experimental and theoretical is pre-
dictable from 2 to 5 eV. The Bethe-Salpeter theory may improve the
results but require huge computation.
From the KramerseKronig relation, we obtain the real part of
the dielectric function ε1 (the component of 11 and 33). The
calculated spectra are shown in Fig. 4. The static dielectric constant
ε1ð0Þ is given by the low energy limit of ε1ðuÞ. Because of the
adiabatic approximation, the phonon perturbations are not
included in the calculations. The zero frequency limitation of ε111 ð0Þ
and ε331 ð0Þ in our calculations are 6.71 and 6.70 which have little
deviation from the experimental value 6.59 and 6.62 [14,15]. Noted
that the static dielectric constant depends strongly on the band gap
(electric part) [34]. This can be explained by the expression of Penn
model, εð0Þz1þ ðhu=2pEgÞ2. It is clear that εð0Þ is inversely
proportional to Eg . Therefore, the GW corrected band gap plays a
key role for calculating static dielectric constant. The calculated
refractive indexes are displayed in Fig. 5. Since nonlinear frequency
conversion is one of its applications, some experiments [35,36]
have been performed to measure its refractive indexes in the
infrared region. Unfortunately, our calculated results of refractive
indexes are larger than the experimental value, while the bire-
fringence is smaller in the near infrared zone. The results agree
Fig. 4. The real part of optical dielectric function of hexagonal CdSe crystal.
Fig. 6. Calculated total Imc333 (2) (2u, u, u) spectra along with the intra-(2u)/(1u) and
inter-(2u)/(1u) band contributions for hexagonal CdSe.
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deviations derive from the absence of electronehole interaction
and electronephonon interaction in the frame of density functional
theory. As we known, so far there is no fruitful theory for predicting
the refractive indexes in the infrared region due to the complexity
of phonon perturbations. According to Fig. 3, the average absorp-
tion edge is located at 1.7 eV, which is in good agreement with the
experimental values. It is noted that the value of absorption edge
depends strongly on the shifted corrected band gap.3.3. Nonlinear optical response
Nonlinear optics has important applications in many technical
areas such as optoelectronics, laser science, and optical signal
processing. The second-order nonlinear optical susceptibility plays
an important role in nonlinear optical phenomena. In general, the
static second harmonic generation (SHG) susceptibility could be
obtained from experiment. However, the experimental measure-
ments could not give the frequency-dependent second-order
nonlinear optical susceptibility. In this section, we will present the
results for the different contributions to the imaginary part of
second-order nonlinear optical susceptibility and static SHG
susceptibility.
Since we consider the frequency-dependent cð2Þijk ð2u;u; uÞ
function, the Kleninman symmetry is not applied in this calcula-
tion. The three independent cð2Þijk ð2u;u; uÞ component, 113, 333,
and 311 are calculated in this work. In order to understand the
different contributions to second-order susceptibility, we take the
c
ð2Þ
333 as an example. Fig. 6 demonstrates the magnitudes of the
interband and intraband contributions to the imaginary part of
second-order susceptibility cð2Þ333ð2u;u; uÞ, from which the real
part can be obtained by the KramerseKronig relations. As can be
seen the total second-order susceptibility is vanished at zero en-
ergy. The 2u terms start contributing at energy about 1/2Eg and the
1ufor the energy values above Eg. In the low energy region
(<5.5 eV), the second-order susceptibility optical spectra areFig. 5. The refractive index of hexagonal CdSe crystal.dominated by the 2u contributions. Beyond 6 eV the major con-
tributions come from the 1u terms. Unlike the linear optical
spectra, the features in the second-order susceptibility are very
difﬁcult to identify from the band structure because of the
complicated resonance of the 2u and 1u terms.
To our knowledge, the lack of experimental data prevents any
conclusive comparison with experiment over a large energy range.
Therefore, we focus on the magnitude of second-order suscepti-
bility, rather than identifying the different resonances leading to
various features in the NLO spectra. In Fig. 7, we plot the modulus
value of the complex second-order susceptibility cð2Þ333, c
ð2Þ
311 and
c
ð2Þ
113. As a whole, the spectra increase from 0 eV and decrease
beyond 7 eV. The static dielectric constant is given by the zero
frequency limitation of second-order susceptibility cð2Þ333ð2u; u; uÞ.
The magnitude of rcð2Þ333ð0Þr(at zero frequency limiting), corre-
sponding to the value 2d33 (second-order nonlinear optical co-
efﬁcients), is 74 pm/V which is very close to the experiment value
(72 pm/v) [39]. The value of rcð2Þ311ð0Þr, corresponding to the 2d33, is
63 pm/V which is larger than the experiment value (36 pm/V) [37].
The calculated value of rcð2Þ113ð0Þ r, corresponding to the value of
2d15, is 11 pm/V and is small below 2 eV.4. Conclusion
In the present work, the electrical, linear and nonlinear prop-
erties of CdSe have been investigated from ﬁrst principles. It is
found that the results of implemented structural optimization by
the GGA and the experiments agree with each other well. Calcu-
lated results for band structure show that the CdSe has a direct
band gap with the calculated value to be 0.63 eV. The GW corrected
band gap is 1.67 eV which is close to experimental value (1.74 eV).Fig. 7. Absolute value of the second-order nonlinear susceptibility for hexagonal CdSe.
C.B. Huang et al. / Computational Condensed Matter 3 (2015) 41e45 45The calculated absorption spectrum indicate that CdSe are trans-
mitting for frequencies <1.7 eV. The calculated results for frequency
dependent dielectric function demonstrate several main peaks,
corresponding to electronic transitions from the valence band to
the conduction band, beyond the band gap energy. The location and
magnitude of these peaks are close to the experimental data. We
deduce that the deviations between theoretical and experimental
value derive from the thermal effects and excited effects. The
Bethe-Salpeter theory which includes excited effects may improve
the results very well but require huge computation. The intra- and
inter-band contributions to the imaginary part of cð2Þ333ð2u;u; uÞ are
presented over a broad energy range. Our calculated second-order
susceptibility, rcð2Þ333ð0Þr (at zero frequency limiting), is closed to the
experimental value 72 pm/V.
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